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Abstract 
In this article we describe the work carried out in order to optimize n-type silicon solar cell front 
contacts by reducing the contact and line resistances. Both front and back contacts were created by screen-
printing of a metal paste followed by the contact firing. After firing the front contacts were improved by 
electrolytic deposition of silver using a non-cyanide silver solution. In this work we used two different types of 
silicon wafers: electronic grade (EG-Si) and metallurgical grade (MG-Si).  Two different solar cells processes 
were tested. The solar cells obtained where characterized before and after the plating step. For all the cells 
processed, the line resistance was reduced by over 85% after the silver deposition. After the contact 
improvement, EG-Si cells showed absolute efficiency improvements of the order of 3%, while MG-Si 
registered a minor efficiency improvement. 
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1. Introduction 
Although in the last years we observed an enormous increase of the global PV installed capacity, 
the cost of the photovoltaic systems is still an hindrance to the growth of the photovoltaic market, 
that remains dependent of subside policies. One of the possible paths to attain the price reduction of 
the photovoltaic systems and the aimed grid-parity [1] for the photovoltaic energy is the use of n-
doped multicrystalline silicon as base material to produce solar cells. It known that n-type silicon is 
less sensible to resistivity variations and is less degraded by metal impurities [2] than p-type, 
allowing the production of solar cells with higher efficiencies using a material with similar quality. 
Furthermore n-type silicon does not suffer from light induced degradation like the boron doped p-
type material [3, 4]. Even if the potential of n-type silicon is identified, the use of this material in 
solar industry is still limited mainly because a market competitive solar cell procedure is yet to be 
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attained. 
The work here presented was carried out in the context of the project PRESINOL [5,6]. This 
project involves different academic and industrial partners and has as principal goal the development 
of solar cell processing technologies for industrial production of multicrystalline silicon n-type solar 
cells and, ultimately, the production of solar cell modules using this type of cells. 
In this article we present the results of the work performed in order to optimize solar cell 
contacts, especially the front side ones. 
To achieve high energy conversion efficiency, a solar cell should have its ohmic losses as low as 
possible; the quality of solar cell contacts strongly determines the magnitude of such losses, so 
optimizing solar cell contacts is a crucial step to produce solar cells with a high performance. 
The improvement of solar cell contacts has two main objectives: obtaining a low contact 
resistance between silver contacts and silicon surface, and achieving good conductivity of line. 
Using a two-layer concept [7], we can thus depose a first layer with a very low contact resistivity 
with Si surface, this layer does not has to have a high conductivity if a second layer with an high 
conductivity is deposed on top of the first assuring a low line resistance of the contact.  
When optimizing the contacts of the solar cell active surface, contact optimization has also to 
envisage the limitation of the shadowing losses by reducing the contact area.  
The standard industrial process used to make solar cell contacts consists on the screen-printing of 
a metal paste, followed by the contact firing. This procedure is simple and allows high throughput 
levels but it is difficult to adapt to very thin wafers [8]. 
The optimisation of the back contacts of n-types poses no major problems, since the back side of 
a n-type solar cell is usually an highly doped n-type layer (back surface field), so in principle we can 
obtain good quality back contacts by using the same pastes and processing details that are used to 
obtain p-type solar cell front contacts. 
2. Experimental  
2.1 Solar cell processing 
In this work, the wafers used had a size of 125×125 mm2 and a thickness of about 220 μm. These 
wafers were obtained from multicrystalline silicon ingots produced at Photowatt. Two different 
types of material were used; electronic grade silicon (EG-Si) with a bulk resistivity of ρ: 1 Ω.cm< 
ρ <5 Ω.cm and metallurgic grade silicon (MG-Si) with 0.01 Ω.cm<ρ<1 Ω.cm.  
Two different solar cell processes were tested; process A applied to electronic grade silicon 
wafers and process B applied both to electronic grade and metallurgic grade silicon wafers. The 
group of cells obtained applying process A to electronic grade silicon is referred as lot EG-A, 
similarly lot EG-B refers to the solar cells were procedure B was applied on electronic grade wafers 
and lot MG-B to the ones were procedure B was applied to metallurgic grade wafers.   
Procedure A starts with the texturisation of the surfaces in a KOH bath (Fig.1), the back surface 
is then protected with a silicon dioxide (SiO2) mask, after which the emitter is defined by diffusing 
boron in the front surface; after boron diffusion the SiO2 mask is removed in a fluoridric acid (HF) 
bath, which also removes the boron silicate glass (BSG). The boron emitter is then protected with a 
new SiO2 mask and the back surface field (BSF) is defined by phosphorous diffusion, and again the 
SiO2 mask is removed by HF, which also removes the phosphorous silicate glass (PSG). Finally a 
silicon nitride (SiN) antireflection and passivating layer is deposed on both surfaces of the cell.    
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Fig.1. Flowchart of the experimental procedure A. 
 
Procedure B also begins with the texturisation of both surfaces in a KOH bath (Fig.2), the 
following step is the diffusion of boron performed on both faces. A thick SiN layer is then deposed 
on the front surface, protecting the front emitter and allowing the back side emitter removal by KOH 
etching. The BSF is defined by phosphorous diffusion; the PSG formed during diffusion is then 
removed with a HF bath. Finally the back surface is passivated by deposing a SiN layer. 
 
 
  
 
 
 
 
Fig.2. Flowchart of the experimental procedure B. 
 
On both solar cells procedures A and B, boron and phosphorus diffusions are performed on tube 
furnaces; using BCl3 gas as boron dopant source and POCl3 gas for the phosphorous diffusion. The 
emitter sheet resistivity obtained after boron diffusion was approximately 70 Ω/sq; for the BSF the 
sheet resistivity obtained was of 40 Ω/sq. 
SIMS analysis performed on electronic grade wafers after boron and phosphorous diffusions [5] 
showed that the emitter boron surface concentration is of the order of 1×1020 cm-3 and front junction 
depth is approximately 0.3 μm, the phosphorous surface concentration in the BSF was determined to 
be of the order of 1×1021 cm-3 and the back junction depth is approximately 0.35 μm. 
 
  
 
2.2 Contact formation 
 
2.2.1 Screen printing and firing  
 
To form both front and back contacts it was used a screen with a grid formed by two slits of 121 
mm×2 mm to define the busbars and fifty-nine 121 mm×0.11 mm slits to define the contact fingers, 
thus creating bifacial solar cell structure (Fig. 3). 
 
 
 
 
 
Fig.3. Solar cell bifacial structure. 
 
The contact formation was performed by screen-printing a silver paste in the back surface of the 
cell and a silver-aluminium paste on the front surface, the wafers were then heated at 300 °C to 
KOH texture      SiO2 mask    Boron diffusion    HF desox         SiO2 mask     Phosphorous          HF bath           SiN layer 
                                                                                                                               Diffusion                                    both faces 
KOH texture  Boron diffusion   Thick SiN         KOH etch       Phosphorous           HF bath           SiN layer 
                           both faces            layer                                        diffusion                                                 
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evaporate the paste solvents and finally the contacts were fired. In order to optimize the contact 
firing, for each lot different firing temperatures were tested. To perform this optimization each lot 
was divided into four groups; the first group was fired at 810 °C, the second at 850 °C and the third 
at 890 °C. After the contact firing the cells were characterized, based on the cell results obtained the 
fourth firing temperature was chosen for each lot; for lot EG-A the fourth temperature tested was 
870 °C, since that for the lots EG-B and for MG-B there was not a clear difference in the 
performance of the cells were the contacts were fired at 810 °C and 850 °C, for these two lots we 
decided to divide the fourth group into two and fire one part at 790 °C and the other at 830 °C. 
2.2.2 Plating step 
After cell characterization a few cells of each group were selected and their front contacts were 
improved by silver electrochemical deposition. Since using light-induced plating [7] cannot be 
applied on p-emitter contacts, in this work we used a simple electroplating process frequently named 
plating process.  
Before starting the plating process the solar cell back contacts are protected with an isolating 
varnish to avoid its dissociation during the process.  
The solar cell is then dipped in an electrolytic cyanide-free silver solution together with a silver 
electrode. The electric current thus established between the silver electrode and the solar cell front 
side grid originates the release of Ag2+ ions from the anode and its deposition in the solar cell front 
contacts. 
During all the silver depositions we used a current density of 0.35 A/dm2 and a deposition time 
of approximately 30 minutes.  
2.3 Characterization 
The quality of the solar cells contacts was analysed by measuring the line resistance and contact 
resistivity after contact firing. The front contact line resistance was again measured after the plating 
step. 
  Though the solar cells obtained are bifacial, in this study we are only concerned with the 
performance of the solar cell illuminated by the front side; to characterize the solar cells front side 
illuminated IV and dark IV curves were obtained before and after plating.  
The illuminated I-V curves were obtained using an Oriel solar simulator with an AM1.5G filter, 
which assures a homogeneous irradiance of 1000 W/m2 on the entire cell surface; during the 
measurement the solar cell is placed on an aluminium support.  
The line resistance of front and back finger contacts was obtained by imposing a current between 
the two busbars and measuring the voltage drop. The contact resistivity of both the front and back 
contacts was determined by choosing a cell in each group and cutting out a sample stripe, the 
contact resistivity of both front and back contacts was then measured using a measuring system 
based on the Berger method [9]. 
After the plating step the solar cells were again characterized by measuring the illuminated and 
dark IV curves; the front contacts line resistance was also re-measured. The front contacts were also 
optically characterized by obtaining SEM images before and after the plating step.  
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3. Results and discussion 
3.1 Contact form and aspect ratio 
In order to characterize the geometry and morphology of the front contacts, scanning electron 
microscope images were obtained before and after plating. It was observed that, before the plating 
step the contact width varied between 110 and 160 μm, while the average contact height was 15 μm. 
The observation of the front contacts after plating (Fig.4) showed that the contacts became more 
homogeneous, having a width varying between 140 and 170 μm; it was also observed that the 
contact height increased by approximately 3μm achieving an average value of 18 μm.  
 
 
 
Fig.4. Scanning electron microscope image of the front contact after plating. 
 
The contact aspect ratio was also improved with the plating step being of the order of 1/9 after 
the contact improvement. The anisotropic growth of Ag during the plating step might be due to the 
fact that the Ag/Al printed paste contains a glass frit to penetrate the SiN coating. During the drying 
step the paste can retract itself leaving some of the glass frit on SiN that becomes etched near the 
contact fingers; this causes a deposition of silver directly on the silicon during the plating step and 
the enlargement of the contact fingers.  
3.2 Contact resistivity 
On Fig. 5 we can observe the variation of the contact resistivity ρc of both front and back 
contacts with the firing temperature. The values presented are an average of five measures 
performed on each stripe. We can observe a clear tendency of the contact resistivity of both front 
and back contacts to be reduced, as the firing temperature is increased. Between the different firing 
temperatures tested the temperature that allows the best compromise between front and back contact 
line resistivity  is 890 °C for lot EG-A, 850 °C for EG-B and 890 °C for MG-B, although in this last 
lot the front contact line resistivity remained significant. 
 
The lot that achieved the lower ρc values was EG-B; it registered values for contact resistivity of 
the order of 3 mΩ.cm2 which is in line with the standard industrial value for screen printed contacts 
of [7]. The values of ρc obtained for the metallurgic grade cells (MG-Si) were quite high, especially 
for the front contacts. The results obtained suggest that for the front contacts of these cells the ideal 
firing temperature could be over 890 °C; but given that for this temperature solar cell shunting is 
already significant and shows a trend to increase with temperature, we decided not to test further 
firing temperatures. 
630  J. A. Silva et al. / Energy Procedia 8 (2011) 625–634
 
 
Fig.5. Variation with the firing temperature of the contact resistivity for the three lots of cells analyzed. 
 
3.3 Line Resistance 
On Fig.6 are presented the values of the front contacts line resistance before and after the plating 
step. We can observe that before plating the line resistance values are very high, possibly due to the 
presence of aluminium in the paste, which lowers its conductivity in comparison with a pure silver 
paste.  
After the plating step we can observe a severe reduction of the line resistance in all the groups of 
cells processed; for all the cells that underwent the silver electrodeposition the line resistance was 
reduced by 85% of its initial values, reaching values the range 0.3-0.4 Ω/cm of line which is in line 
with the standard for a silver printed paste [7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Variation of the front contacts line resistance with the plating step for three all the groups of cells analyzed. 
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3.4 Solar cell parameters 
On Fig. 7 we can observe the variation with the plating step of the solar cell series resistance. We 
can observe that in general the series resistance is reduced after the plating step. Apparently this 
reduction is more significant for the electronic grade silicon lots (EG-A and EG-B) than for the 
metallurgical grade silicon one. The average reduction of the Rserie during plating was 45% for EG-A 
cells, 53% for EG-A cells and 12% for MG-B cells.  
For the cells that underwent the process B there is an apparent increase of the series resistance 
with the firing temperature; the authors find no good explanation for this result since the line 
resistances after plating remain low for all the temperatures and the contact resistivity trend is to 
reduce with temperature; this effect could perhaps be related with the impurity content of these 
wafers. 
 
 
Fig.7. Variation of the series resistance with the plating step for three all the groups of cells analyzed. 
 
The shunt resistance, short-circuit current and open circuit voltage did not show significant 
variations with the plating step for the three lots of cells analysed cells. It was however observed a 
trend of the already low shunt resistances of MG-B, to decrease with the plating step; it seems that 
during the plating step, silver is deposited in shunted areas enhancing the shunts that already existed.  
Even though the electronic grade silicon cells (lots EG-A and EG-B) have shown a significant 
improvement of the fill factor after the plating step, this improvement was not so significant for the 
MG-B cells. The improvement of the fill factor is a consequence of the reduction of the series 
resistance; however this improvement is mitigated in the MG-B due to the reported decrease of the 
shunt resistance on these cells. 
On table 1 we present the average efficiency variation during the plating step for the lots EG-A, 
EG-B and MG-B. 
We can observe that after the plating step there is an improvement of the solar cell efficiency for 
all the lots of cells analysed. Since this improvement is mainly a consequence of the fill factor 
enhancement, that it is higher for EG-Si cells than for the MG-Si ones; the lots EG-A and EG-B 
registered an absolute efficiency improvement of 3.3% while the efficiency improvement obtained 
for the metallurgical grade silicon lot MG-B was 0.5%.  
On table 2 we illustrate the principal solar cell parameters obtained for the best group of cell of 
each lot. 
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Table 1. Solar cell efficiency before and after plating 
Lot of  cells ηbefore (%) ηafter (%)  Δη  (%)  
EG-A  8.9 12.2 3.3 
EG-B  9.0 12.3 3.3 
MG-B 7.1 7.6 0.5 
 
 
 
 
 
Table 2. Solar cell parameters for the best groups of cells of each lot 
 
 
 
We can observe that the losses due to series resistance and shunt resistance strongly limit the fill 
factor and as a consequence the performance of the metallurgical grade solar cells.  
It is interesting to observe that for all the lots analyzed there is a mismatch between the firing 
temperature that optimizes the contact resistivity and the temperature for which the maximum 
efficiency is achieved.  
This mismatch is particularly important for MG-B cells which have the lowest contact resistivity 
values for both front and back contacts for a firing temperature of 890 ºC, but have the highest 
efficiencies values for cells fired at 810 ºC; this is a result of the increased shunting at higher firing 
temperatures that severely damages the solar performance.  We would also like to remark that the 
cells fired at 810 ºC have very high values of contact resistivity, which can partially explain the high 
series resistance attained by these cells. The impurity content of the metallurgical silicon wafers 
used was not determined, so the possible contribution of metal impurities eventually present on the 
base material cannot be excluded.    
Group of  
cells Rserie (Ω .cm
2) Rshunt (Ω .cm2) Jsc (mΑ /cm
2) Voc (mV) FF (%) η  (%) 
EG-A 870°C 2.7 172.3 31.34 555.4 72.9 12.6 
EG-B 830°C 2.0 71.8 32.2 572.5 71.9 13.2 
MG-B 810°C 4.5 10.1 28.0 558.0 53.1 8.3 
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The very low shunt resistances obtained for the MG-B cells results from the fact that the base 
material used for these cells has a very low resistivity. The low resistivity of the base material will 
affect the formation of the front junction which will be shallower than the junctions normally 
obtained for electronic grade silicon wafers [5].  PCD1D simulations of this cell structure using the 
measured peak doping and emitter sheet resistance, confirmed that for silicon wafers with a 
resistivity of 0.01 Ω.cm the front junction depth can be as low as 0.25 μm (instead of 0.3 μm). Most 
likely during contact firing, this reduced junction depth will enhance the shunting between the base 
and the emitter of the cells; this shunting effect increases with the firing temperature and establishes 
a maximum to the contact firing temperature that can be used on these cells. 
The relatively low values of the fill factor obtained for the electronic grade cells are mainly a 
consequence of the series resistance values attained by these cells; these values result from the fact 
that for the groups of cells with the best performance of lots EG-A and EG-B the contact resistivity 
values of front and back are quite important. This effect is especially significant for the cells of lot 
EG-A; on the other hand, the relatively low values of shunt resistance of the best group of cells of 
lot EG-B may also contribute to the fill factor degradation. 
The values of open circuit voltage (Voc) for the best groups of cells of each lot are rather low, 
this effect is probably a consequence of a poor passivation of both front and back surface. The fact 
that the cells of lot EG-A have the lowest Voc might be a sign that the cells that underwent procedure 
A have an inferior front passivation than the cells that underwent procedure B. It is important to 
remark that, on procedure B the deposition of the SiN layer on the front surface is performed before 
phosphorous diffusion, so the SiN film passes a high temperature step during which it gets denser. It 
is likely that the densified SiN film is less degraded by the contact firing step than the less dense SiN 
film of lot EG-A, providing a better front passivation to the cells of lots EG-B and MG-B. For the 
cells of lot MG-B the open circuit voltage is additionally degraded by the very low shunt resistances 
achieved by these cells.    
3. Conclusions    
The contact firing tests established that, for the metal paste and processing conditions used, the 
firing temperature that allows the best compromise between contact resistivity in both sides, front 
and back contacts, is 890 °C for lot EG-A and MG-B and 850 °C for lot EG-B. For the lot EG-B the 
contact resistivity values of the front and back contacts, achieved values that are in the standard 
range of industrial screen printed contacts. The high values of ρc obtained for the front contacts of 
metallurgic grade cells, lot MG-B, suggest that for the front contacts of these cells the ideal firing 
temperature could be higher than 890 °C; the important shunting problems of the cells of this lot and 
its enhancement with the firing temperature disallowed the testing of higher firing temperatures.  
The plating process performed on the front contacts originated an average increase of 10 μm, 
thus it does not increase significantly the shadowing effect. After plating, the contacts are more 
homogeneous and its height increases approximately 3 μm. As consequence the front contacts 
aspect ratio after the plating is 1:9, which is in line with standard values for screen-printed contacts. 
 Before the plating step the front contact line resistance was quite high, possibly due to the fact 
that the presence of aluminium on the contact paste reduces significantly the conductivity of the 
contacts. The deposition of a thin layer of silver during the plating process allows the reduction of 
the line resistance in over 85% for all the cells plated; no degradation of the plated contacts was 
observed overtime.  
The reductions observed in line resistance generate a significant decrease of the solar cells series 
resistance; this reduction was particularly high for the electronic grade silicon cells. This series 
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resistance reduction originated an increase in the fill factor and solar cell efficiency. The observed 
reduction of the shunt resistance of the MG-Si cells after the plating step mitigates the fill factor and 
efficiency improvement for these cells; the absolute efficiency improvement after plating was of 
3.3% for EG-A and EG-B cells and 0.5% for MG-B cells. 
As a result of the sever shunting problems observed for cells fired at higher temperatures, the 
best group of MG-B cells was obtained for a firing temperature of 810 °C, which has achieved a 
solar cell efficiency of 8.3%; the high series resistance obtained for these cells results in part of the 
fact that for this firing temperature, the contact resistivity values of both front and back contacts are 
very high.   
The values of open circuit voltage obtained are relatively low and limit the cell performance for 
the lots of cells processed. The low values of Voc attained by the solar cells can in part by explained 
by an inefficient passivation of front and back surfaces; the cells that underwent process B appear to 
have a better front surface passivation possibly due to the densification of the SiN layer. In addition, 
the Voc of the cells of lot MG-B are also degraded due to the severe shunting of these cells.  
The best EG-A cells were fired at 870 °C and achieved an efficiency of 12.6%, for lot EG-B the 
best group of cells was fired at 870 °C and achieved an efficiency of 13.2%.  
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